ABSTRACT Eukaryotic cells condense their genetic material in the nucleus in the form of chromatin, a macromolecular complex made of DNA and multiple proteins. The structure of chromatin is intimately connected to the regulation of all eukaryotic organisms, from amoebas to humans, but its organization remains largely unknown. The nucleosome repeat length (NRL) and the concentration of linker histones (r LH ) are two structural parameters that vary among cell types and cell cycles; the NRL is the number of DNA basepairs wound around each nucleosome core plus the number of basepairs linking successive nucleosomes. Recent studies have found a linear empirical relationship between the variation of these two properties for different cells, but its underlying mechanism remains elusive. Here we apply our established mesoscale chromatin model to explore the mechanisms responsible for this relationship, by investigating chromatin fibers as a function of NRL and r LH combinations. We find that a threshold of linker histone concentration triggers the compaction of chromatin into well-formed 30-nm fibers; this critical value increases linearly with NRL, except for long NRLs, where the fibers remain disorganized. Remarkably, the interaction patterns between core histone tails and chromatin elements are highly sensitive to the NRL and r LH combination, suggesting a molecular mechanism that could have a key role in regulating the structural state of the fibers in the cell. An estimate of the minimized work and volume associated with storage of chromatin fibers in the nucleus further suggests factors that could spontaneously regulate the NRL as a function of linker histone concentration. Both the tail interaction map and DNA packing considerations support the empirical NRL/r LH relationship and offer a framework to interpret experiments for different chromatin conditions in the cell.
INTRODUCTION
Chromatin is a macromolecular complex made of DNA and proteins that condenses the genomic DNA in the nucleus of eukaryotic cells. The fundamental structural unit of chromatin is the nucleosome. This cylindrical, nanometric bead is made of 1.75 turns of DNA wrapped around the nucleosome core, an octamer that contains two copies each of the core histones H2A, H2B, H3, and H4 (1) . In each chromosome, a single DNA molecule connects consecutive nucleosomes through linker DNAs, which determine the nucleosome repeat length (NRL), a crucial structural variable of chromatin defined by the sum of DNA basepairs (bp) of nucleosome-wound and linker DNA (2-4).
Physiological salt conditions and the presence of linker histones H1/H5 compact this beads-on-a-string polymer of nucleosomes and linker DNAs, leading to a thicker or interdigitated fiber organization that keeps hierarchically folding until shaping a chromosome in the nucleus (5-7). The structure of chromatin is well characterized at the nucleosome level (8, 9) , and modern experimental techniques have made great improvements regarding visualizing chromatin at the chromosomal level (10, 11) . Although the organization of chromatin at intermediate levels has remained controversial for more than three decades (7, 12) , a combination of experiments, new imaging techniques, and computational models is producing significant progress (13, 14) . See a recent perspective focusing on multiscale aspects of chromatin and the merging of theory and experiment (15) . In particular, recent experimental and computational work indicates that the NRL impacts chromatin organization strongly and thus affects biological regulation in different cells. In fact, in vivo biochemical experiments have found that linker histone (LH) concentration linearly increases the NRL (16) , but the underlying mechanism of this phenomenon remains unexplored. Our systematic computational examination of the NRL and LH concentrations aims to explain this experimental observation and shed further light on the molecular mechanisms responsible.
The NRL is made up of two parts: the DNA wrapped around the nucleosome (~147 bp), and the linker DNA length connecting consecutive nucleosomes. The NRL varies among organisms, from~160 bp in yeast tõ 230 bp in sea urchin sperm cells (2, 3) . The NRL can also vary among cell types, from~160 bp in principal neurons to~200 bp in glia cells in the nervous system of mammals (17) . The NRL also changes across cell stages: for example, mouse cells in the embryonic stem stage have NRL~185 bp, but~195 bp when they differentiate into thymus and liver cells (18) .
Recent structural studies have shown that the NRL crucially impacts the organization of chromatin: short NRLs favor the formation of fibers rich in zigzag motifs, while long NRLs lead to more heteromorphic structures (3, 19) . However, although long NRLs expose more linker DNA to the cellular machinery, transcriptionally active chromatin usually adopts a shorter NRL than silenced chromatin, as noted above in the differentiation of mouse cells (16) . What controls the NRL in the nucleus, and why do short NRLs favor transcription?
Woodcock et al. (16) have recently found in vivo a remarkable empirical relationship that could help us in understanding the variation of NRL in cells. Their analysis revealed a direct linear dependence between the NRL and the concentration of LHs in the nucleus, which is surprisingly robust over several organisms and cell types. Additionally, experiments controlling the LH concentration in mouse cells show that this NRL/LH concentration relationship is not a mere correlation: higher LH concentrations directly modulate the NRL in the nucleus (20) . These observations suggest that a general cellular mechanism might be controlling internal factors in the nucleus to impact chromatin organization. But what is this mechanism, and, more fundamentally, how does the cell sense that these internal factors require modification at each cell stage?
To begin to address these questions, we systematically investigate the structure of chromatin fibers at different NRL and LH concentrations using our established chromatin mesoscopic model (21) (22) (23) . This equilibrium approach represents a first-order approximation to a complex, dynamic system operating in cells, which can involve nucleosome sliding, DNA unwrapping, and other processes. Our analyses reveal a critical NRL linearly dependent LH concentration that compacts fibers; for long NRL, compaction is limited by the exposed areas of the linker DNA. We also discover that the NRL/LH concentration relationship is intimately connected with the pattern of the core histone tail interactions, and that it optimizes the volume and energy per basepair of chromatin. These findings suggest underlying structural and thermodynamic mechanisms for the relationship between the NRL and LH concentration, which act to regulate chromatin structure in the cell.
MATERIALS AND METHODS

Mesocale chromatin model
Our computational model represents chromatin at the mesoscale level, coarse-graining each relevant molecular element at an appropriate resolution. This strategy has shed light on many properties of chromatin fibers, like the role of the flexible and positively charged core histone tails in the compaction of fibers (21) or the impact of uniform and nonuniform NRLs in chromatin architecture (3, 22) . The importance of divalent ions in stabilizing heteromorphic fibers has been confirmed by electron-microscopy assisted nucleosome interaction capture experiments (19) , and the mechanisms associated with LHs and Mg 2þ in the unfolding of fibers (24) are in agreement with single-molecule experiments as reviewed in Collepardo-Guevara and Schlick (25) . Additional experimental verifications are summarized in the literature (15, 21, 23, 26) . Cryo-EM three-dimensional reconstruction of chromatin fibers (14) have confirmed our prediction that short-NRL fibers adopt 30-nm zigzag structures (3, 27) . Our refined LH model also captured the spontaneous condensation of the LH C-terminal domain upon nucleosome binding and characterized the associated electrostatic mechanism that regulates the local and global organization of chromatin (23) . The observed asymmetry in LH binding could also be captured and related to the asymmetry of the CTD itself. Our recent multiscale study also reproduced the effects of a common epigenetic modification on global chromatin architecture (28) . Most recently, in agreement with cross-linking data, our model has reproduced internucleosome interaction patterns for interphase and metaphase chromatin to suggest a hierarchical looping mechanism for condensed chromatin (29) .
Our mesoscale model of chromatin fibers has been described in detail in Peri si c et al. (3) and Arya and Schlick (21) . Here we summarize important aspects of the model. The nucleosome core is a relatively rigid structure made of eight core histones and 147 bp of wrapped DNA; we coarse-grain the nucleosome crystal structure (8, 9) as a rigid surface made of 300 pseudo-charges, which are adjusted at different monovalent salt concentrations using discrete surface charge optimization, a technique developed in our group to reproduce full-atom electrostatic field of protein/DNA complexes by coarse-grained models (30) . The surface of the nucleosome contains 10 core histone tails that are flexible and positively charged; accordingly, we model them as elastic and charged peptides with a resolution of 5 amino acids per spherical bead and adjust the parameters using the Warshel-Levitt united-atom protein model (21) . Linker DNAs connect consecutive nucleosomes and are coarsegrained using an elastic wormlike chain of n b spherical beads associated to each NRL. The number of linker DNA beads associated with each NRL value are 2, 3, 4, 5, 6, 7, and 8 for NRL ¼ 173, 182, 191, 200, 209, 218 , and 226 bps, respectively (3). The negative charge of DNA's phosphate backbone is approximated at different salt concentrations using the Stigter's procedure (31) (as detailed by Schlick et al. (32) ). These three elements-nucleosome core, histone tails, and linker DNA-constitute each nucleosome in the model. Additionally, we incorporate LH using our refined coarse-grained model of linker histone H1.4 (23) . We discard the short N-terminal domain because it does not significantly impact chromatin structure (33) . We coarse-grain the globular head using six rigid beads by applying the shaped-based coarse-graining method developed in the Schulten lab (34, 35) , and adjusting the charges using discrete surface charge optimization (3, 30) . We assume a symmetric positioning of the globular head as observed in Meyer et al. (36) . Because the unstructured C-terminal domain shares elastic and electrostatic properties as the core histone tails, we model this 111-residue domain using 22 beads with 5-amino-acid resolution, electrostatic scaling factors, and elastic force field as in the core histone tail model. The combination of this refined LH model with the mesocale chromatin model revealed the synergy between local and global structural mechanisms in the condensation of fibers and provided a framework to interpret the role of LH posttranslational modifications (23) .
All these molecular components (nucleosome complex with wrapped DNA, linker histone, and linker DNA) interact through electrostatic and excluded volume potentials as detailed in Peri si c et al. (3) and Luque et al. (23) . We adjust Debye-Hückel charges at different concentrations of NaCl to approximate the properties of the atomistic electric field of each element (21) . However, within this framework, our model cannot treat very high monovalent salt concentrations (>200 mM), including observed depletion of nucleosomes (37) . Our study focuses on physiological conditions below this ionic strength.
Monte Carlo simulations
We apply the well-known Monte Carlo sampling method to equilibrate and explore the conformational ensamble of chromatin fibers as a function of NRL and LH concentration. We use five Monte Carlo moves that efficiently explore the mesoscale properties of our model: 1) local translation and 2) local rotation of DNA beads and nucleosome cores, 3) global pivot of a fiber segment, 4) frequent regrowth of core histone tails, and 5) translation of LH CTD beads (see details in Luque et al. (23) (19) . Fibers with intermediate concentrations of LHs are reequilibrated from saturated fibers. For each set of conditions, we simulate eight independent trajectories, applying 40-90 million Monte Carlo steps, as needed to guarantee the convergence of the energy as well as global and local quantities (3, 27) . The last 10 million steps are used for statistical analysis. We store the fiber properties every 10,000 steps to decorrelate structures in the average analysis.
Structural analysis
We compute structural properties as described in Peri si c et al. (3) and Luque et al. (23) , namely internucleosome interactions (I(k)), dimer (d d ), and tripled (t d ) nucleosome distances; triplet nucleosome angle (t a ), fiber length ðf l Þ, and width ðf w Þ, sedimentation coefficient (S 20,w ), and packing ratio (p r ). The value I(k) represents the average number of nucleosomenucleosome interactions per nucleosome with their k neighbors, mimicking measured cross-linking contacts (19, 29) . Additionally, we compute the sedimentation coefficient as a function of the LH concentration by extending our method as follows. Our protocol is grounded on the standard relation 38, 39) , where R 1 z5:5 nm is the radius of a nucleosome, S 1 is the sedimentation coefficient of a single nucleosome, n c is the number of nucleosomes in the array, and R ij is the distance between the centers of two different nucleosomes. The sedimentation of a nucleosome without LH is S ÀLH ¼ 11:1 S (Svedberg) (40) and with LH is S þLH ¼ 12:0 S (41). To incorporate a variable concentration of LHs in a fiber, we assume an effective value of S 1 that averages the contribution of nucleosomes with and without LHs, leading to the linear relationship
RESULTS
Threshold LH concentration as a function of the NRL
We start by analyzing the equilibrium conformations of 12-unit oligonucleosomes as shown in Fig. 1 and Fig. S1 in the Supporting Material for combinations of NRLs (rows) and LH concentrations (columns). For short NRLs, like 173 and 182 bp, well-formed fibers emerge at low LH concentrations (Fig. 1, A and 1 B) . At high LH concentrations, fibers instead adopt a more stretched (173 bp) or irregularly shaped (182 bp) conformation; fibers are so tight that some LH C-terminal domains cannot condense in the nucleosome dyad region and explore extended configurations around the nucleosome (see, for instance, Fig. 1 B at r LH ¼ 1:00). For medium NRLs, like 191, 200, and 209 bp, fibers are disordered at low LH concentrations but well formed at medium and full LH saturation (Fig. 1 , C-E). For larger NRLs, like 218 and 226 bp, fibers are highly disorganized at low LH concentrations and remain polymorphic at saturated LH conditions (Fig. S1 , F and G). This analysis indicates that there is a threshold LH concentration responsible for the formation of welldefined fibers. This concentration increases linearly with the NRL, until saturating the fiber at NRL~209 bp (one LH per nucleosome, r LH ¼ 1:00). For larger NRLs, the LH C-terminal domain-condensed in the nucleosome-is too short to impose order in the fiber (3, 23) .
To understand better the organization of the fibers, Figs. 2 and S2 show the core-core interaction patterns associated to equilibrium chromatin structures at different conditions (Figs. 1 and S1). For short NRLs and low LH concentrations, nucleosomes are very close to each other, and firstneighbor interactions are dominant ( Fig. 2 A) ; the increase of LH concentration, however, favors the emergence of second-neighbor interactions (Figs. 2, B-E, and S2, A and B). For medium NRLs, second-neighbor interactions dominate even in the absence of LHs, although the overall interaction pattern is weaker than for short NRLs (Fig. 2 A) . The presence of LHs increases the overall interaction between nucleosomes and favors the formation of secondary peaks between fifth and seventh neighbors (Figs. 2, B-E, and S2, C-E). For larger NRLs, internucleosome interactions decrease at all concentrations and the secondary peaks smear out (Figs. 2, A-E, and S2, F and G). Thus, in general, the increase of LH concentration favors the formation of zigzag motifs, but, for large-NRL fibers, zigzag patterns are less pronounced even when they are saturated with LHs.
Interestingly, as highlighted in Fig. 3 , the well-formed fibers that emerge at the threshold LH concentration (short and medium NRLs) share similar structural and mechanical properties; for instance, the intensity of the zigzag motifs (Fig. 3 A) . This is due to the similar compaction adopted by the fibers at this transition point, as illustrated by the effective volume per nucleosome in each fiber (Fig. 3 B) .
Structural properties of chromatin are also affected by the NRL and LH concentration values. Fig. S4 shows associated sedimentation value, packing ratio, dimer distance, triplet distance, triplet angle, fiber length, fiber width, and length/width. We see that an increase of LH concentration raises the sedimentation value of fibers for all NRLs, although values saturate at high LH concentrations for medium and short NRL fibers (Fig. S4 A) . Medium NRL structures reach the highest values, consistent with our work that emphasized a moderate NRL for optimal chromatin compaction (3). Long NRLs, however, are more loose (Fig. 1, F and G) and adopt the lowest values, as also noted in Peri si c et al. (3) . The packing ratio also tends to increase with the concentration of LHs (Fig. S4 B) . Medium NRL fibers reach highest values,~6 nucleosomes/11 nm, while fibers with the shortest NRL, 173 bp, adopt a relatively constant value,~4 nucleosomes/11 nm. This was observed to result from their ladderlike organization (3) .
The change in compaction is associated with internal structural changes related to the enhanced electrostatic screening of the LH C-terminal domain condensation between the entry and exit linker DNAs (23) . Increasing r LH reduces dimer distances in the fiber for all NRLs ( Fig. S4  C) ; these distances naturally increase linearly with the NRL. The triplet nucleosome distance shows a more heterogeneous behavior (Fig. S4 D) : the shorter the NRL, the less pronounced the dependence on r LH . Reaching small triplet distances is crucial to form well-defined zigzag structures, explaining why lower LH concentrations for shorter NRLs provide optimal compaction. The trinucleosome angle follows a similar trend (Fig. S4 E) . Again, medium NRLs adopt the smallest values. As expected, an inverse correlation between fiber length and packing ratio is seen (Fig. S4, F and  B) . The fiber width remains relatively constant for all NRLs, although for the shortest NRL fiber, 173 bp, it decreases significantly (Fig. S4 G) . This indicates that the overall fiber width remains relatively stable due to excluded volume effects of the nucleosomes.
Histone tail sensitivity to NRL and LH concentration
Besides LH concentrations and linker lengths, core histone tail interactions with the chromatin elements of the fiber FIGURE 1 Equilibrium configurations for 12-unit oligonucleosomes at 150 mM NaCl for different LH concentrations, NRLs (rows), and r LH (columns). Yellow boxes highlight the critical LH concentration associated to the formation of zigzag fibers for short and medium NRLs. In Fig. S1 , we include equilibrium confirgurations for fibers with larger NRLs. To see this figure in color, go online.
(26) also define the chromatin folded state. In particular, we observe that the tail interaction patterns can differentiate between different NRL and LH concentration states of the chromatin fiber and produce similar patterns overall for each NRL at the threshold LH concentration that defines compact zigzag states (yellow highlights in Fig. 4, A-C) . This sensitivity suggests a biophysical histone code working in analogy to a charge-modulated histone code.
Figs. 4 and S5 display the interaction patterns between core histone tails and both nucleosomes and linker DNAs as functions of NRL and LH concentration. We observe a general trend that an increase in r LH enhances tail interactions with parent and neighboring nucleosomes (Figs. 4 B and S5, A and C) but decreases tail/linker DNA interactions (Fig. 4, A and C) . The details, however, are tail-specific, and NRL-and r LH -dependent.
For the interactions with parental nucleosome-wound DNA (Fig. S5 A) , intensity generally increases with r LH . H3 and H2A2 show the highest frequencies for parental linker DNA, followed by H4 (Fig. 4 A) . For medium and long NRLs, H3 dominates over H2A2 at lower LH concentration, but H2A2 takes the lead at higher LH concentrations. The threshold r LH associated with this crossover is higher for longer NRLs and corresponds to the onset of well-formed zigzag fibers (Fig. 1) .
Tail interactions with nonparental nucleosome-wound and linker DNA, on the other hand, show different characteristics. The H4 and H3 tails are notable for their interactions with nonparental nucleosomes (Fig. 4 B) , which agrees with our prior findings (26) . The interaction between core histone tails and nonparental linker DNAs show the most complex pattern (Fig. 4 C) . For short NRLs, H3 leads the interaction at low LH concentrations, but the intensity fades with increasing r LH . For medium NRLs, H3's domination over H4 occurs around the threshold r LH associated to optimally compact chromatin fibers.
Remarkably, when we compare the histone tail interactions at the threshold r LH for different NRL fibers (highlighted yellow regions in Fig. 4 , A-C), we observe that the patterns are similar. This is due to the similar structural configuration of the fibers at the threshold r LH despite the difference in NRL. Thus, in general, histone tails are sensitive to the variation of NRL and r LH , except at the threshold r LH . As we discuss below, this sensitivity offers a molecular map that could help regulate the NRL and LH concentration relationship in the cell.
Thermodynamic mechanism relating NRL and LH concentration
We now analyze our results with a simple, first-order approximation in the context of the cell, to investigate how the NRL and r LH may be affected by cellular physical constraints (see Fig. 5 A) . In the nucleus, the presence of salt at physiological concentration, core histones, and linker histones condenses N bp bps of genetic material in the nuclear volume, V 0 , at a density model we can estimate how the NRL and LH concentration impacts the effective volume per basepair in chromatin fibers, v f ¼ V f =N bp . Here V f is the effective fiber volume (calculated from our converged fibers as the cylindrical volume, defined by the length ðf l Þ and width ðf w Þ of the fiber, pðf w =2Þ 2 f l ) and N bp ¼ n c Â NRL is the number of basepairs in the fiber (n c ¼ number of nucleosomes). Fig. 5 B plots the effective volume per basepair, v f , for different NRLs and LH concentrations. Without LHs, the volume is smaller for short NRLs and rapidly increases for larger NRLs. Increasing r LH reduces the effective volume of DNA in larger NRLs, shifting the minimum volume around medium NRLs, which reaches the smallest effective volume at full LH saturation for NRL z 200 bp with z4.5 nm 3 /bp. Thus, the NRL that optimizes the packing density of chromatin in the nucleus increases with r LH , supporting the empirical linear relationship observed experimentally.
From a thermodynamic standpoint, storing the genome in the nucleus requires a work per basepair associated with the compaction energy of chromatin and the tension in the Fig. 1 ). The second box compares structural properties for different NRL fibers at the LH theshold concentration (NRL* ¼ NRL at r LH Ã): (E) dimer and triplet distances; (F) triplet angle; (G) sedimentation coefficient (left axis) and packing ratio (right axis); and (H) fiber length and width. In the Supporting Material we include additional structural analyses of the chromatin fibers (Figs. S3 and S4) . To see this figure in color, go online. nuclear membrane (see Fig. 5 A) . We approximate the energy per basepair of a chromatin fiber using the potential energy obtained from our converged trajectories, ε f zE=N bp , where E is the total internal energy of the fiber. The cell organelles and the nuclear membrane impose a reference nuclear volume, V 0 that defines the volume per basepair v 0 ¼ V 0 =N bp . If chromatin exceeds this volume, the resistance of the nucleus to deform will impose an energetic penalty, approximated here as a quadratic function around the reference volume v 0 , ε v zðk v =2Þðv f À v 0 Þ 2 , where k v is the effective stiffness of the elastic nucleus. In this context, the total work per basepair is given by ε ¼ ε f þ ε v , which is compared in Fig. 5 for different NRLs and LH concentrations. For an unconstrained nucleus (i.e., k v $ 0), as shown in Fig. 5 C, the internal energy dominates, and a shallow global minimum occurs at full LH saturation for long NRL (r LH ¼ 1, NRL z 218 bp). For a semicompressible nucleus (i.e., k v $ 1=2), there is a tradeoff between the chromatin energy term and the volume energy term. At low LH concentrations, short NRL minimizes the energy, but, for . At the top we show the main elements of the nucleosome core and the color code for the histone tails: H2A1 (yellow), H2A2 (orange), H2B (purple), H3 (blue), and H4 (green). We plot the interaction of the tails with (A) parental linker DNAs, (B) nonparental nucleosome cores, and (C) nonparental linker DNAs. Yellow boxes highlight the LH concentration that triggers compact fibers at each NRL (see equilibrium structures in Fig. 1 ). Fig. 4 includes additional tail interactions and NRLs. To see this figure in color, go online.
Interplay between NRL and LH Concentration medium NRLs, the mininum (or threshold LH concentration) increases. At full LH saturation, there is a shallow global minimum at NRL~209 bp. For a relatively incompressible nucleus (i.e., k v $ 1), the volume term dominates, and the work dependence approaches the effective volume per basepair (Fig. 5 B) . Thus, the presence of energy minima for different NRLs and LH concentration suggests a spontaneous thermodynamic mechanism controlling the cellular response of NRL as a function of LH concentration, which for constrained and relatively stiff nuclei supports the empirical linear relationship between these internal factors.
DISCUSSION
The interplay between NRL and the LH density as well as the effect of these variables on higher-order chromatin organization have been investigated experimentally. Although the H1 and H5 variants of LH exhibit some differences regarding their effects on nucleosome spacing (42) and chromatin condensation (43), the overall patterns are robust. In general, LH binding to nucleosomes is associated with larger NRLs (44) . Thus, an increase in H1 results in a gradual but saturable increase of NRLs (45) . Conversely, knockdown of H1 during chromatin assembly reduces linker lengths (46) . Experiments also show that as linker length increases, the structure of chromatin fibers become more sensitive to LH; fibers with short linkers are insensitive to LH due to their ladderlike shape (46) . Our computational work aims to shed further light into this sensitivity via a systematic study of chromatin fibers with various NRLs and in the presence of varying LH concentrations. Our results in terms of the chromatin geometry and dynamics and internucleosome interaction patterns reveal an onset of critical, NRL-dependent, LH concentration that triggers the formation of well-formed, compact chromatin fibers. This threshold of LHs increases linearly with the NRLs of the fiber from r Ã LH ¼ 0 for 173 bp to r Ã LH ¼ 1 for 209 bp. For larger NRLs, the length of the LH CTD condensed in the nucleosome is too short to fully form nucleosome stems to stabilize the zigzag fiber, and the resulting polymorphic topologies are less than optimally compact (3, 23, 47) . Significantly, this relation between the LH concentration and NRL correlates with the linear dependence observed experimentally, for instance, in mouse tissue cells, glia cells, and chicken erythrocytes (16, 18, 20) .
The qualitative framework presented here to interpret the state of chromatin and understand the regulatory role of core histone tails underscores how the organization of chromatin across organisms and cell states is related to physical parameters such as the nuclear volume, average NRL, LH concentration, and LH binding efficiency. Specifically, we suggest that cells may employ a general thermodynamic mechanism that relates these three internal variables to control the NRL of the fibers by modifying the LH concentration. Thus, the free energy for the system depends on the cellular volume constraints (Fig. 5) . This free energy depends on NRL/LH combinations and imposes a penalty for larger NRLs. Thus, short NRLs have low threshold r LH compared to medium NRL at large r LH . This analysis is again in line with the empirical relationship observed experimentally (16) . The shallow energy minimum observed for the critical r LH at medium and high r LH shifts from NRL z 190-200 bp to NRL z 200-210 bp. This shift echoes the NRL pattern observed for proliferating cells, like HeLa cells, i.e., NRL z 188 bp with bulk concentration of 0.8 LHs per nucleosome (29) to differentiated cells, like chicken erythrocytes, i.e., NRL z 212 bp with bulk concentration of 1.3 LHs per nucleosome (48) . That NRL in different organisms has a peak at~200 bp (2) supports our general operative mechanism as outlined.
From a molecular perspective, the concentration of linker histones can be modulated by the nucleosome sliding and DNA unwrapping (49) to obtain the optimal NRL-dependent value. Because nucleosome unwrapping and sliding are relatively slow (50, 51) , molecular remodelers must play a crucial role by speeding the adjustment of linker lengths. Indeed, observations that nucleosomal DNA is more highly methylated than flanking DNA (52) suggest that the binding of LHs can promote DNA methylation (53, 54) , thereby providing a positive feedback mechanism that facilitates the removal of nucleosomes. Additionally, LHs can also methylate core histone tails, like H3 (53) to recruit chromatin remodelers such as ISWI/ACF, which interact with core histone tails and regulate the linker DNA length (55). As we discuss below, a sensitive dependence of the core histone tail interactions with linker DNA length and LH concentrations could also be interpreted in the context of a biophysical histone code that can sense the structural state of chromatin (see Fig. 6 and its caption).
Our thermodynamic analysis offers a framework to explain the empirical linear relationship observed between FIGURE 6 A possible biophysical code for the interplay between the NRL and LH in chromatin fibers. At a critical LH density that is NRL-dependent, chromatin fibers with different NRLs form compact zigzags (see fiber images inside arc). This occurs for moderate NRLs; fibers with short linkers are insensitive to LH because they adopt ladderlike forms, and fibers with long linkers bend easily because the LH-induced stem is short compared to the linker DNA. These compact zigzag forms also minimize cell volume, therefore adding a thermodynamic component. Intriguingly, we also find that the dominant tail interaction patterns are similar for different NRLs at these critical zigzag-inducing LH concentrations (as shown above for tail/parent linker DNA interactions, see Fig. 4 also) , suggesting that the histone tails can act as sensors. Together, these structural and thermodynamic components suggest a biophysical code by which the NRL and LH can be adjusted as needed for cellular compaction of chromatin fibers. To see this figure in color, go online. the NRL and the LH concentration (16) . Our analysis also suggests alternative scenarios for the relationship between these two structural factors. If the nuclear volume would not be a constraint, for instance, Fig. S4 C ðk v ¼ 0Þ, longer NRLs could be favored thermodynamically. This could explain the unusual large NRL of echinoderm sperm cells (~230-240 bp) (2), which have nuclei similar to human cells in size,~5 mm, but store an order-of-magnitude less DNA in length. Thus, relatively shorter DNA in the sea urchin sperm cells favor the formation of chromatin fibers with longer NRLs compared to compact chromatin in human cells. Additionally, the behavior of cells with nearly constant NRL over different LH concentrations, like yeast (~165 bp) and principal rat neurons (~162 bp) (16) , could also be explained by the two mechanisms presented here. First, the presence of nucleosome positioning sequences could limit the length of linker DNAs in a chromatin fiber. This could be the main mechanism for yeast, because its genome is rich in overlapping positioning clusters (56) . Second, phosphorylation reduces the binding affinity of LHs in the nucleosomes (54) . This might cause a high percentage of the available LH to favor unbound or loosely bound states. Thus, despite the abundance of linker histones in high LH concentration, neuronal chromatin might bind to a limited number of those, explaining why NRLs of chromatin in principal neurons fall outside of the linear relation between NRL and LH.
Besides the thermodynamic relationship among NRLs, r LH , and cellular volume, a sensitive relationship exists among the core histone tail interaction pattern, the NRL, and the LH concentration. That is, at the threshold r LH where each fiber becomes a compact zigzag, the overall histone tail interactions are very similar for different NRLs (yellow highlights in Fig. 4, A-C) . Such a biophysical code could regulate the cell access to DNA by the structural state of chromatin fibers in the nucleus, as required for biological processes. The predictable frequencies of interactions between core histone tails and the different chromatin elements could facilitate the binding of chromatin remodelers to adjust NRL and r LH values at each cell state. Such a biophysical histone code (Fig. 6 ) could complement the chemical histone code, or epigenetic implications, characterized by posttranslational modifications (57) . The combination of both signaling mechanisms could provide a communication channel between the physical and chemical states of chromatin, facilitating the active regulation of the cell nucleus. Further modeling, in particular, multiscale simulations that can treat megabase of DNA, could ultimately lead to a quantitative framework to explain and predict the dynamic regulation of chromatin structure in eukaryotic cells. 
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